Purpose. Outstanding improvements in vision can theoretically be expected using contact lenses that correct monochromatic aberrations of the eye. Imperfections in such correction inherent to contact lenses are lens flexure, translation, rotation, and tear layer effects. The effects of pupil size and accommodation on ocular aberration may cause further difficulties. The purpose of this study was to evaluate whether nonaxisymmetric soft contact lenses could efficiently compensate for higher 
s the first stage of the visual process, the main role of the eye is to focus images on the retina. The optical performance is usually related to the presence of optical aberrations and can be measured by various subjective or objective techniques. [1] [2] [3] [4] One way to describe the characteristics of the human eye as an image-forming system is to express its optical transfer function. For most optical systems it is not difficult to obtain a complete description of the optical transfer function, including characteristics on transfer of modulation (MTF) and phase and the ability of the system to image point sources (point-spread function) or lines (line-spread function) at any wavelength and any angle of incidence. 5 Furthermore, in optical systems, the analysis can usually be made from both sides of the system, and test objects, sensors, and apertures can be manipulated as desired.
Measurements on the eye are restricted in many ways. Most important is that the eye can only be assessed from one side, and the in vivo sensor is the retina connected to the brain. This means that one has the option of testing subjectively, which incorporates the unknown neural-transfer function, or analyze the light that returns out of the eye after reflection on the retina (so called double-pass techniques), which introduces several uncertain factors in predicting visual performance. 6 Also, the eye is not a stable optical system because both the optical power by accommodation and the aperture by pupil dynamics vary with circumstances or environment. Another major complication in measuring the aberrations of the eye is the fact that it is a physiological system, which expresses in variation of chromatic aberration with age, 7 hydration and condition of the tissues, 8 and disturbance of the tear film. 9 It is not surprising, therefore, that if normal eyes are considered an optical system, even monochromatic aberrations vary substantially in order and magnitude among individuals. 1, 10 Although most authors found similar trends in the influences of refractive error, 11 accommodation, 12, 13 and pupil size 14, 15 on monochromatic eye aberrations, they typically also indicated that these trends are not valid for all patients if subjectively assessed. These findings make it difficult to relate principles that have proven to work in the technical design of optical systems to a flexible biological system as is represented by the eye-brain complex. A typical example of the complexity of the monochromatic aberration effects on vision is the application of multifocal contact lenses. 16, 17 Despite the above, it is clear that the corneal shape 18 (actually the tear film on it) represents by its interface with air the main refractive surface of the eye and, therefore, is largely responsible for optical aberrations. 19, 20 The extreme deformation of corneal shape as is present in keratoconus degrades the retinal image to a degree that makes normal visual functioning impossible. Optical correction of the keratoconus eye with spectacle lenses is difficult because this mode is limited to correction of only the lower-order optical aberrations of defocus and regular astigmatism. Therefore, rigid corneal and scleral contact lenses are widely used to correct the keratoconus eye. 21, 22 The principle behind these aids is that the irregular corneal surface is replaced by the regular anterior surface of the contact lens. The tear layer between cornea and posterior lens surface reduces the aberrations because its refractive index is closer to that of the cornea and the corrective contact lens. However, usually the front surface of the corrective rigid contact lens is spherical. It has been demonstrated in normal eyes that such a surface would induce spherical aberration rather than correct it. 19, [23] [24] [25] [26] Furthermore, the movement of a rigid corneal contact lens on the irregular-shaped cornea in advanced cases of keratoconus produces asymmetric refractive surfaces and, consequently, coma-like aberrations. [27] [28] [29] [30] The use of regular soft contact lenses on keratoconus eyes, even if these include correction for astigmatism (toric lenses), is not very successful because the flexibility of the lens makes it deform to match the irregular cornea. 31 Even if this were not the case, regular toric lenses only compensate the lower-order aberrations.
Attempts have been made to combine the advantages of soft and rigid contact lenses in one lens 32 or with a system known as "piggyback," 22, 33, 34 in which a rigid lens rides on a soft lens in situ. Although these modes can be successful in terms of comfort and visual correction of lower-order aberrations, the problem of correcting the severe higher-order aberrations in cases like keratoconus remains.
Outstanding improvements of vision can theoretically be expected using contact lenses with custom three-dimensional shapes that correct all optical aberrations of the eye. However, this is only possible assuming that the perfect correction is present under all circumstances. Rigid contact lenses bear the inherent problem of substantial movement and rotation, whereas normal soft contact lenses would be imperfect due to lens flexure. However, it has been indicated that soft lens flexure only plays a minor role in inducing optical aberrations given a perfect match to the cornea. 35 In this case, the aberrations of the lens perfectly add to those of the eye, and the resulting wavefront is almost only affected by the errors in the lens position. Furthermore, it has been found that although systematic correction of spherical aberration of soft contact lenses is of no use, it seems possible to correct spherical aberration individually. 36 It should be mentioned here that the effects of pupil size and accommodation on ocular aberration may introduce some extra difficulties.
Because severe optical aberrations are present in keratoconus, it is of interest to study to what extent visual function could be improved using custom wavefront nonaxisymmetric soft contact lenses. Studying the theoretical effects of translation and rotation of these aberration-customized soft contact lenses would give some insight in the practical feasibility of such corrective systems.
The purpose of this study was to theoretically evaluate whether nonaxisymmetric soft contact lenses could efficiently compensate severe optical aberrations induced with keratoconus and to what extent rotation and translation of the lens can degrade this perfect correction.
METHODS
Our methodology involved six successive steps (examples of the methodology in each step are given in Figs. 1 to 3).
Step 1: The corneas of nine patients with keratoconus were measured using the Maastricht Shape Topographer, a system based on Fourier profilometry. 36 The outcome of the measurement are x, y, and z values of the height topography that can be presented as a color-coded height map or as a cross-section profile ( Fig. 1 , top left).
Step 2: With the assumption that monochromatic aberrations were entirely due to the anterior shape of the cornea 19, 20 threedimensional ray tracing was applied to each height topography map to calculate the aberrations in the form of a phase error mapping ( Fig. 1, bottom left) . Because the spherical defocus error cannot be predicted from corneal data alone (it also involves other optical components of the eye and eye length) the phase error maps were normalized for the spherical component of the measured corneal height data by ignoring the so-called "defocus" Zernike term.
Step 3: The effect of a nonaxisymmetric soft contact lens tailored to the corneal aberrations was simulated by adding an opposite phase error mapping. This would account for a perfect static correction of the optical aberrations of the keratoconus eyes. In this case, the total eye ϩ contact lens phase error would be constant (not shown). To simulate the real situation on the eye, a rotational 2.5°, 5.0°, 7.5°, and 10°clockwise and counterclockwise or a translation of 0.25, 0.50, 0.75, and 1.0 mm in x and y direction mis- match of the surfaces was introduced. These errors were intended to account for the usual imprecision in positioning of a soft lens on the cornea due to movement and rotation with blinking. These factors are of physiological importance to ensure the circulation of tears between the cornea and the contact lens. Examples of the resulting phase error maps with the introduced rotations or translations are shown in Fig. 1 , middle column and right column, respectively.
Step 4: The modulation transfer function (MTF) of each eye with each displaced correction was deduced from the residual phase error mapping. The MTF's were calculated for a wavelength of 550 nm incorporating the Stiles-Crawford effect. 37 This effect compensates for the different effects of energy transformation related to the angle of incidence of the optical rays approaching the retina. The same MTF calculations were repeated for pupil diameters of 3, 5, and 7 mm. Fig. 2 shows an example of the resulting data (one eye) in which the MTF's for uncorrected, perfectly corrected, and rotations (top) or translations (bottom) are displayed in one graph per assumed pupil diameter.
Step 5: A single performance criterion was calculated as the area under the MTF (mtfA) over a limited spatial frequency range (5 to15 periods per degree). These values were chosen to compare contrast sensitivity performance with and without correction of optical aberrations in low and high spatial frequencies relative to the sensitivity of the eye.
Step 6: Finally, the ratio of corrected mtfA over uncorrected mtfA (RmtfA) was computed using the integrals of MTF's between 5 and 15 periods per degree. This procedure is known as the "normalized area evaluation of image quality" 5 or "relative modulation transfer" 39 and helps to estimate the global enhancement in contrast sensitivity with the customized lens. Similar to Fig. 2 , the results of computation of the RmtfA on one eye in the various situations are presented in Fig. 3 .
RESULTS
The final results of the calculated RmtfA for all nine cases and an average pupil diameter of 4.5 mm are given in Table 1 for rotations  and Table 2 for translations. The cases are listed in relation to the severity of the keratoconus according to the classification of Amsler 40 from moderate (case 1) to severe (case 9). For comparison, the second column in each table presents the RmtfA assuming a perfectly centered lens (perfect position). The contrast improvement ratios RmtfA with perfectly located lenses and for pupil sizes The RmtfA for introduced rotations clockwise and counterclockwise and from 2.5 to 10.0°gradually declined in RmtfA with almost no difference between clockwise and counterclockwise rotations (maximum difference, 0.16). Even the worse case of 10°c lockwise rotation and the largest pupil diameter (7.0 mm) still theoretically enhanced contrast sensitivity at a ratio of 2.8. The computed minimum and maximum RmtfA values for pupil sizes from 7.0 to 3.0 mm with the four conditions of rotation (2.5°, 5.0°, 7.5°, and 10.0°) ranged from 6.2 to 38.0, 5.3 to 15.9, 4.0 to 11.1, and 2.8 to 9.0, respectively.
The same analysis made for translations showed that (although there was more variation than with rotations) the differences between displacements in ϩ, Ϫ, x, and y directions were small (maximum difference, 1.41). As with rotations, the RmtfA declined gradually with the increase in the amount of translation. Contrary to the effects of rotations, for translations above 0.5 mm and the extreme condition of a 7.0-mm pupil, the minimal RmtfA was Ͻ1, meaning theoretically that contrast sensitivity with such a lens in place would be worse than uncorrected. The computed minimum and maximum RmtfA values for pupil sizes from 7.0 to 3.0 mm with the four conditions of translation (0.25, 0.50, 0.75, and 1.00 mm) ranged from 2.0 to 6.5, 1.2 to 3.6, 0.81 to 2.5, and 0.4 to 2.0, respectively.
DISCUSSION
In this study of the theoretical enhancements that customized nonaxisymmetrical soft contact lenses could offer in visual functioning of severely aberrated eyes as in keratoconus, we found little variation in (RmtfA) results between the directions of rotation (clockwise and counterclockwise) or translation (ϩ, Ϫ, x, and y direction) of such lenses simulated on the eye.
From the data in Tables 1 and 2 , it is clear that translation affects the RmtfA more than rotation does. For the 4.5-mm pupil, 0.75 mm is a critical translation value to maintain RmtfA Ͼ1. With a larger pupil diameter (7.0 mm), translation should not exceed 0.5 mm to still benefit from the optical correction that the customized soft lens would give, including the most severe keratoconus of this study. This is just around the border of what has been established as a clinically efficient movement of soft contact lenses to avoid compromising tear circulation. 41 In the dynamic situation of a soft contact lens on the eye, a combination of rotation and translation errors can be present. However, with the finding that directional differences in rotational and translation effects are low, it can be assumed that such a combination would not drastically change our results.
When compared to the much larger movements that are present with the application of rigid contact lenses, our results indicate that from a standpoint of correcting optical aberrations, customized nonaxisymmetric soft contact lenses would be superior to rigid lenses. However, the question remains of how, in reality, the minor movement of nonaxisymmetric soft lenses with possible changes of their anterior shapes would balance the more pronounced movement but the more solid anterior surfaces of rigid lenses in optical performance.
Taking into consideration the criterion of Maréchal, 42 optics in normal young eyes even with 7 D of myopia, accommodation up to 3 D, 11 or in the presence of front-surface aspheric soft contact lenses 43 operate nearly diffraction limited at a pupil size of around 3 mm. In our calculations, assuming perfectly situated nonaxisymmetric aberration customized soft contact lenses, a nearly diffraction-limited correction could theoretically be obtained for pupil sizes up to 7 mm. This likely means that the retina becomes the limiting element of the entire optical system of the eye under the corrective circumstances we have computed. Due to the increased Strehl ratio, 5 which means a more efficient distribution of light energy in the image, contrast vision may even further be improved with such lenses in situ. On the other hand, our calculations were solely based on corneal topographic data and pupil size assuming a perfect centration of the pupil in relation to the topography. It has been shown that even a small pupil diameter of 1.5 mm can be critical in the optical system concerning pupil centration. 3 This could degrade the final image quality in real application of the nonaxisymmetric soft contact lenses as subject to our theoretical calculations.
In our computations of optical aberrations of the keratoconus eyes from the corneal topography, we could not include the effect of decentration of the pupil relative to the topography. These decentration effects could contribute to the aberrations that are present in the keratoconus eye. The question remains whether the results of rotation and translation errors would be significantly different if we could incorporate these effects into the original optical aberration data and compensate using the opposite phase error mapping.
We have found from our theoretical calculations that a perfect correction using nonaxisymmetric soft contact lenses in keratoconus eyes can be achieved. However, the computed improvements in image quality vary substantially among cases and, in particular, if we include the critical value of physiologically demanded translation respecting tear film exchange. Assuming the in situ application of axisymmetric soft contact lenses designed to theoretically compensate all ocular aberration of the eye, the interesting question is whether the neural-transfer function of the eye-brain complex in keratoconus eyes would be able to compensate (average) the variation in optical performance related to the temporary variation due to lens movement and pupil size or would be confused by it. There seems to be some similarity with the phenomena as encountered with the application of varifocal soft contact lenses, 17 in which a combination between the Stiles Crawford effect, the Strehl ratio, pupil size, behavior of the lens, and the individual neural- transfer function seems to play an important role in the visual satisfaction that is finally reported by the individual patient.
The Amsler 40 classification on which the cases in our study were ranked in severity (ranked 1 to 9 in Tables 1 and 2) shows weak relation with our data on RmtfA in the perfect position (with the exception of cases 1, 2, 8, and 9). This means that central radius of curvature of the cornea and the distortion of keratometric mirrors are not adequate predictors of optical aberrations in keratoconus. This is in accordance with clinical practice and with studies of the visual outcome with contact lenses to correct keratoconus, which vary substantially among subjects in relation to corneal parameters. 44 -50 Recently, Guirao et al. 51 computed the residual aberrations that appear as a result of translation or rotation on an otherwise ideal correction in 10 normal eyes for which actual wave aberrations were obtained using a Shack-Hartmann sensor. In their study, they only report on one keratoconus case as an example. This is due to the present limitations of the systems to measure severely aberrated eyes with the normally used Shack-Hartmann technique. For this reason, we have computed the aberrations from corneal topographic data rather than made attempts to really measure it on the eyes. Despite this limitation of our study, the results of the two studies are comparable. This indicates that incorporating wholeeye aberration measurements would not have much influence on our results predicting the effects of rotation and translation using custom wavefront contact lenses for keratoconus. In practice, this would mean that in eyes that suffer from severe higher-order optical aberrations due to corneal problems (e.g., keratoconus, corneal transplants, and failures of refractive surgery), one could use corneal topography as a basis to design custom wavefront soft contact lenses. This conclusion is in accordance with the finding that regardless of the cause, corneas with increased wavefront variance showed a quantifiable decrease in visual performance that was pupil size dependent. 52 In normal eyes, the situation might be different because in these eyes, the contribution of corneal shape to the whole-eye aberrations can be lower. In eyes with high ametropia, it has been shown that systematic correction of spherical aberration of the contact lenses does not automatically lead to higher contrast sensitivity function. 36 In these cases, the measurement of individual whole-eye spherical aberration seems to be essential. However, in relation to induced rotation and translation errors of corrective lenses in high ametropia, we agree with Guirao et al. 51 that an individual selection of the aberrations to correct could be more beneficial than a systematic attempt to correct all aberrations.
In summary, three-dimensional custom wavefront nonaxisymmetric soft contact lenses may significantly improve visual performance in patients with keratoconus. However, such contact lenses should be positioned on the cornea within more severe tolerances than conventional contact lenses. More than threefold improvements were achieved with any of the angular errors considered, meaning that angular errors appeared to be less critical. Translation errors were more critical and should ideally not exceed 0.5 mm. Based on results of the present study, it can be predicted that patients suffering from severe keratoconus would probably benefit from correction with customized nonrotational symmetric soft contact lenses if the translation of the lenses can be limited to 0.5 mm and the retinal-brain system is able to adapt to the variations in presented optical images to the retina. b RmtfA, ratio of corrected over uncorrected area under the modulation transfer function.
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